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Beam-Breakup Calculations for the DARHT Accelerator*

PaulAllison, Micnael J. Bums, Los Alamos National Labotixo~, and George J. Caporaso, Art. G. Cole,
Lawrence Livermore National Laboratory

Abstract
We have modeled an induction Iinac [hat will

accelerate a 4-MeV, 3-kA beam of electrons to 16- to 20-MeV
in 64 gaps. To suppress barn-breakup (BBU) instabilities
induced by excitation of rf deflecting modes, the growth factor

r must be kept sufficiently small (e.g. c3). On protolype
DARHT cavit!es, rf measurements have shown that lhe
normally degenerate TM modes are split in frequency by lhc
asymmetry that lhe two pulsed-power drive rods present 10 the
cavity. If half rhe cavities hd venical and half had horizontal
drive-rod orientations, the effective numtw of gaps would be
reduced by half if there wefe no coupling between the modes
by the solenoids.1 focusing and if the split modes hod no
overlap. The LLNL code BREAKUP was used to sludy BBU
growdl for drive rod shemation patterns of blocks of 1,2, 4,
8, 16, 24, 32, or 64 (no nltcmalion) for bolh constant and
ahcrnming polarity solenoids. For alternating polarities the
optimum ahemalion pattern is 2 or 4, whereas for consum
polarities BBU is approximately independent of pancm.

1, INTRODUCTION
The theory of BBU for induction [ I ] Iinucs hus been

developed for some time, For an aecelcmting beam, (hc theory
[2] shows that if tie beam has stc.ady-slme radiul oscillolions

of amplitude &o at rhe Iinac entrance, then after n successive

cavities the umplhude growl.h g=6rf/&ro=cr, witi

rH=[ni(ticYcBol[~(~(ti~& 1)] (1)

where (wZ/c)/Q=c (~Bydz)2/2U is the uansvcri:~ Cufi(y

impuhmcc, U is the slorcd energy in Ihc cnvi[y, n is Ihc
number of uccclcrming cuvitics, i is Ihc currcm, und B. is ~hc

rms solcnoidul f’rchl, The nouuion ru is u.scd m distinguish

this unalytic upproximution from the vuluc culculmcd by lhc
cmlc, To rcducc the ccnlroid molion (“corkscrew”) resulting
from mivdignrncnts und energy spread, the mud phuw mlvwwc

$d(Bd7J2Bp) should be minimized [21, For a giwm r Ibis IS
uchicvcd if the solcnoithd fields incrctr.smwith km rmcrgy us
Dtl(y/y[))l/2, As o design crilcrion for DARHT (SCC model

pariunclcrs in Ttiblc l), wc t,ukcu growlh fucmr gal), (w [’-.3
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beam slabilily considerations, a general criterion for which is
Lhat tie phase advance per cell not be too large. We w il I usc
the notation XB=I, 1.5, 2 to dcno~ field profiles thal arc 1,
1.5, and 2 limes larger than 250 G rrns in the first CCII. For

X9=2, in tie first magnet @o=0,7 rad, a reasonable upper Iimil

for ccnrroid motiorr stability and minimum corkscrew.
Since the ferrites exposed to Lhe inlerior of [hc

accelerating cavity are very lossy @=3-20i al 400 MHz) [31,
[hc cnvilies have low Q%. The Briggs model [4] of a pillbox
cavity witi a resistive outer wall is useful in understanding [hc
approximate parametric dependence of tie cavity impcdrmcc.
The impedance at the nominally TM 110 mode resommcc is

wZ/c=(g/nb2)~q, where %377 Q b is the inner Imm pipe

radius, g is the accelcrm.ing gap, and q is a funciion of WUII

impxlancc 2s and he outer cavity radius. Wc anlicipmc thut

@.7-2, so uZJc=(80240)#b2.
For accelerating stress Eo, nEog is lhe Loml Iini)c

vohagc guin V. Then 1. a V/( Eob2B), indepcndcnl of [hc

number of CCIIS n, To minimize r, we choose the maximum

E. consistent with sparking criteria. Cosl ml fcrrilc

availability have led 10 the choice t4-7.5 cm, und so r.LZ/c=220
(Urn at Q= 1 for gap g=l,5 cm from the Briggs model al XII=2,

wim Qs3 required for 370 Q/m to make rS<3.

The Briggs model provides guidance; the AMOS code
[5] models cnvilics more generally using a wove impcuililuc
boumkrry condition al the fc-rile sur(ircc. Rcccnl c~vily
impcchmcc mcusurcmcnls [6] with fcrrilcs in posilion Icd M
code modifkwlions to west lhc fcrritcs as huving un cffcclivc

VOIUInC mognciic-conductivity, ammm~”, wilh V“ king IIIC

imuginary parI of the pcrmcubilily.
!Lwh CCII is is conncc(cd 10 Iwo ~)wcr cublcs WIIh

drive rwls llIIOc upm. An importu.rrt rc!iull of (hc mc.usurwIILIIIIs
WIN thnl hc rods split tie norrmdly dcgcncrulc TM I I () III~Nl~IS

in frequency by =20%, and lhc impcdancc curves for the Iwo
ph.mcs did not overlap subsluruiolly (Fitii l), Mode spliuinK
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led 10 tie idea of a stagger inning, for which me azimuthal
orienmion of the drive rods wou!d be alternated in some
pattern belween honzorr~l (H) and vertical (V) alignmcnl,

rccfucing r by !m.ff in tie absence ot’ mode overlap. For

corwant solenoid polarity, beam relation by the solenoids
might he expected m average rhe impedances and make grow. .I
rcsuhs insensitive LO cell orientation patterns. Since each

solenoid romcs the barn by 400, coupling x- and y- motion,
it is [Lot clear lhal simple al~cmalion of lhc oricnlimon would
be tie besI srmegy. The use of ultcmating poliuilies muy be

advmagcous in minimizing corkscrew motion al high BO.

11.CALCULATIONS
The 9REAKUP [7] code was mcdified so that each

CCII could have indcpendem modes for horizomal or for vcniual

molion. The noLltion r+ and r~ will be USC4 to dcnolc lhc

growti faclors calculated for const,anl and for altcrntiling
polarity solenoids, mspeclivcly. The mcdc porarncms given in
Table 2 are based on mctuurcmcnrs [6] on lhc rust ccl] design.

IM!.c7 c~~ilv Ru.amws
Mode f(MHz) Q mZ/c(S2/m) -~x(flhn)

10 357 5 b73 =417
430 6 1173 =677

2 890 3 354
2b 860 3.75 253

Wilh smggcr tuning, r should be tipproximtikly proporiionul

IO [hc average vcrlical and horizi)n~l irnpcdtincc W=

o(ZH+ZV)/?x (Fig. 2), The muximum occurs near 43U hltlz,
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Since the beam envelope radius R, calculated with Ihc
envelope code ETRACEM [8], decreases by approximately a
factor of 2.5 down the Iinac, g would be aboul 0.4 in lhc
absence of growdr.

The x-x’ or y-y’ phase spue that is waccd OUI by Lhc
beam al Lheexit can be used to calculate an cmitmce growth

factor 6E/E for determining permissible BBU growth. The

ccnr.roid molion at tie Iinac exit is found to be approximutcly

given by x=bxfsinot arid x’=&@ cosot, and t.hc beam phasc-

cllipsc boundary is given approximmcly by x= Rsincx ~nd

x’=k Rcosa, witi 0Sa<2n, Then E=k R2, wi[h k= B/2tlp=

0.0045 xB/cm. For a r.urifcmrrdistribution wilhin tic boumlury,

Ihc smearing of tie final emiuancc by ccnlroid motion Icads m

a lime-averaged rms growth fiiclor &/E-~ (6x f/R)2. For

&c/cc lo%, then 6x f=gxo<0,22R. For XB=2, R=7 mm,

requiring gxo< 1(XXI j.urr, or gc20 for XO=IIO pm,
When tie mdc asymmcq was eliminiucd by giving

mode I b Lhe parameters of mode I a, then ~= 1I 73 f2/m w

430 MHz. We calcuhucd rf=12.9 and ~+=11.2 [or XB= 1,

about 0.6ra. Using lhc modes of Tuble 2 again, growth was
cidculu[cd for oricrnmion paucrns 1, 2, 4, II, 24, 32, 64.
Piulcrn 24 was chosen becuuse [he phase mlvancc in the lirsl
24 CCIIS is approxmalcly Lhc siunc as in (hc lust 40. The inpul
bcarn wtis given a r.mnsvcrsc omplitudc of 25pm at 430 hlliz

in the H plorrc. As expczicd, r+ was fairly insensitive 10 Ihc

pimcrn (Fig, 3), r~ging from 7,5 to 5.5, bul r~ rungcd from
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was no evident dependence of r, within tl%, on ~~ in tie

range 0- to 5-mrad in any of tie calculations. We anticipate
dial DA.RHT misalignments will nol exceed lhesc vaJrrcsand
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that with steering corrections npplicd, Ihc clfcaivc 68 will be

much Icss, To ICSI tic parnmcu% Jcpmfcncc of r on oL?Yc,wc

set the inpul oscilliilion frequency m 357 MHz, for which

frequency rA)Z/c=417 fl/m, 62% of the 430-MHZ VUIUC, The

rcsul[s (Tublc 3) follow tic prcdicuxl sculin~ witi B better tit
430 MHZ [burr w 3S7 Mtlz.

Tublc 3 r for bc two domiruml frcqucrrcics vs XB

X~ r~~() R~r430 1“357 XBr~57 (r357/r4~())

1 7,7 7,7 7,n 7,n 1,01
1,5 5 7.5 4 6 (),H
2 3,1 6,2 2.2 4.4 ,71

I“hc Iwum from [hc REX injccu)r [9] hus wunsvcrsc
motion of I(X) Bm U( 235 Mllz tind 01 25 pm ru 470 Milt M
approximutcly Ihc Iinuc injcc lion point. UN F,AK[JfJ

culcuhuiorrs sht)wcd lhu~ for x[I ~1, tliillll~(l twillu(i{m:; wilh

irmpliludts -1 uln wc cxci[cd UI uilhrr ,1S7 Mtlr, tw 430 hlllz,
muking il cfi[ficull to cstimulc IJW S[ttidy-stil(c guin, For x[I=2,

[tic trunsicnt dumps quickly, TIN* gains i)rc -(), S UII(I 1,7, (Jr

I“f 9-(),7 ulld (),4, US Colllpilrr?ll wilh ~~zo, 15 illld 3,

rcspcclively. Thus Lhere is essentially no gain w 235 MHz,
considering dw barn compression factor.

If the beam has no initial Uansverse oscillation,
magnel and beam alignment errors will cause transicnl
excitation of BBIJ oscillations al 430 MHz. The maximum

pzdc-peak arnpliude at tie Iinac exil during tie “tlal lop” part

of the beam pulse for rdndom angdti errcrs &l from i- 105-
mrad in lhe absence of inilial beam molion. A good

approximation to the results was brmax (c m )=

(0,072Kr.O 15)66/xB, wilh Lhe uncertainly king due 10 the

scaucr inherent in slalislical misalignmcm cmors. Applying

Lhe emiuance growti criterion, 68<4 mmd is required for

XB=2. This cmiuance crilcrion is probably 100 strict, os ihc

l.mnsicnt damps witi a time constant ~(ns)=24/x B.

111.CONCLUS1ONS
The cell-orienlaticm pmtem 2 appears IO be the best

choice for DA.RHT from BBU growth and mechanical design
considcrmions for alternating @arities. The code-calcukucd

values of r are approximately 60% of the analy(icirlly -

calculalcd value r., and the parametric dcpcndcncc is

apprcrximatcly [hc sa,me. Scdcnoid misalignmcni do nol
contribute signifrcanlly to growlh, For the DARHT (Jcsign
parameters and tie expected ccl] impcdancc~, growth is Icss
than 20 al tic 430-MHz rrxcrnancc, and consilcmbly Iowcr M
lhosc frcqucncles for which the REX injcclo~ beam hirs
mcirsurablc transverse oscillation, Grow Lh is Iowcr (or
consr.am-Lhan for rdrcmating-polirrily .solcnolds.
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